A number of different cell types contribute to the cellular architecture of adipose tissue. Although the adipocyte is functionally making important contributions to systemic metabolic homeostatis, several additional cell types contribute a supportive role to bestow maximal flexibility on the tissue with respect to many biosynthetic and catabolic processes, depending on the metabolic state. These cells include vascular endothelial cells, a host of immune cells, and adipocyte precursor cells and fibroblasts. Combined, these cell types give rise to a tissue with remarkable flexibility with respect to expansion and contraction, while optimizing the ability of the tissue to act as an endocrine organ through the release of many protein factors, critically influencing systemic lipid homeostasis and biochemically contributing many metabolites. Using an example from each of these categoriesadiponectin as a key adipokine, sphingolipids as critical mediators of insulin sensitivity, and uridine as an important metabolite contributed by the adipocyte to the systemic pool-I will discuss the emerging genesis of the adipocyte over the past 20 years from metabolic bystander to key driver of metabolic flexibility.
A number of different cell types contribute to the cellular architecture of adipose tissue. Although the adipocyte is functionally making important contributions to systemic metabolic homeostatis, several additional cell types contribute a supportive role to bestow maximal flexibility on the tissue with respect to many biosynthetic and catabolic processes, depending on the metabolic state. These cells include vascular endothelial cells, a host of immune cells, and adipocyte precursor cells and fibroblasts. Combined, these cell types give rise to a tissue with remarkable flexibility with respect to expansion and contraction, while optimizing the ability of the tissue to act as an endocrine organ through the release of many protein factors, critically influencing systemic lipid homeostasis and biochemically contributing many metabolites. Using an example from each of these categoriesadiponectin as a key adipokine, sphingolipids as critical mediators of insulin sensitivity, and uridine as an important metabolite contributed by the adipocyte to the systemic pool-I will discuss the emerging genesis of the adipocyte over the past 20 years from metabolic bystander to key driver of metabolic flexibility.
Fat cells-friends or foes?
No other tissue has been more maligned than adipose tissue. We appreciate that an excess of adipose tissue is frequently associated with an increased risk to develop cardiovascular disease, diabetes, and, in fact, even cancer. This is despite the fact that our view of the adipocyte has changed significantly since the early 1990s. At that time, we valued the fat cell mostly for its ability to undergo insulin-mediated glucose uptake and to release and reesterify free fatty acids, depending on nutritional status (1) . Now, we appreciate that the adipocyte is a very complex, metabolically highly active, and potent secretory cell (2) . It is capable of releasing a large number of protein products, it is well equipped to manipulate local and systemic lipid levels, and it releases a number of key metabolites. We are going to touch on each of these emerging themes in this article.
Obviously, our fat stores are a reflection of the net difference between energy intake and energy expenditure. Energy intake reflects mostly the uptake of calorically dense foods, while the energy expenditure side reflects the energy required to meet basic energy demands, energy required for physical activity, and energy expended on adaptive thermogenesis (3, 4) . We know that the systemic ability to adjust to changing nutrient conditions-a phenomenon that we refer to as metabolic flexibility (5)-very much depends on the ability of the adipocyte and adipose tissue to expand in order to accommodate a potential excess of calories going into the system at any given time.
Adipose tissue expansion can occur under a couple of different scenarios, and depending on how effective this expansion process is, it leaves us with either metabolically fit, happy fat cells or dysfunctional, unhappy fat cells that display a large degree of metabolic dysregulation.
Metabolic flexibility is not exclusively a function of absolute fat mass. Plotting fat mass versus the degree of insulin resistance does not reveal a strictly linear relationship. Many of us fall into the category of metabolically unhealthy obese individuals. That means, the more adipose tissue we have, the more metabolically challenged we are. However, some individuals fall into the category of metabolically healthy obese: despite having relatively high BMIs, they display normal metabolic parameters, even though they may not be immune to future pathophysiological changes as a consequence of the increased fat mass (6) . The other extreme is lipodystrophy, reflecting the metabolically unhealthy lean individual, displaying severe metabolic dysfunction despite the fact that these individuals have very little or, in some instances, almost no adipose tissue to cope with (7) . Why can some of us maintain normal insulin sensitivity despite being overweight or even obese? And, what can go wrong in our adipose tissue as we gain weight?
The reasons why an excess of adipose tissue generally causes metabolic stress are certainly complex. However, we can dissect the path to dysfunction into a number of relatively simple steps. An expanding fat pad, just like any other rapidly expanding tissue mass, displays impaired angiogenesis that can lead to local hypoxia, in other words, an insufficiency in the local oxygen supply (8) . This then results in fibrosis and the activation of a number of other downstream events, including the unfolded protein response in the secretory pathway. All of these phenomena ultimately trigger increased cellular stress, increased necrosis, and some degree of chronic, unresolved inflammation (9) . We can visualize some of these steps in adipose tissue. Increased fibrosis, as a result of enhanced production of extracellular matrix components, can be visualized by trichrome staining as well as by a number of other methods. This fibrotic response is widely observed in obese adipose tissue from both humans and rodents. We know from both genetic and pharmacological studies that the modulation of the extracellular matrix environment plays a vital role in the health of adipose tissue, both at steady state and during expansion (10) . Elegant studies by the Clément group in Paris, France, and the Smith group in Orlando, FL, have underlined the clinical implications of many of the pathological changes associated with fibrous adipose tissue (11, 12) .
In this context, we have studied the relevance of collagen 6 expression, one of the most abundant extracellular matrix constituents of adipose tissue (13) . We can observe in a growing fat pad that there is a significant reduction in the degree of extracellular matrix accumulation in the context of mice lacking collagen 6. As a result, these mice retain normal metabolic function while challenged by a high-fat diet, despite displaying very large individual fat cells, with a reduced incidence of adipocyte cell death. This is apparent when we subject the mice to an oral glucose gavage and observe an improved oral glucose tolerance. Even though these mice have mechanically less stable fat tissue in the absence of this key extracellular building block (14) , they are metabolically healthier because they can bypass the usual constraints imposed by the fibrous extracellular milieu that the fat pads experience during expansion.
Extending the proangiogenic component in adipose tissue during expansion can also significantly stave off the fibrotic response, reduce ensuing cell death, and translate into a reduced level of local insulin resistance as a result of reduced inflammation (15) . The accumulation of extracellular matrix is an early event and offers an opportunity for pharmacological interventions with antifibrotic agents. The increased rate of cell death in the context of a disproportionate accumulation of extracellular matrix constituents leads to the attraction of macrophages. These macrophages surround lipid droplets resulting from a remnant dead adipocyte and start to engulf lipids over the course of several weeks. It is this process that is associated with a chronic inflammatory response (8) . There is no doubt that chronic, unresolved inflammation leads to chronic insulin resistance, a phenomenon that we frequently see epidemiologically in patients with metabolic syndrome. This has also proven to be relevant in a host of rodent models (16) . However, is it invariably a negative process to have some low level of inflammation in adipose tissue? This is an important question as anti-inflammatory interventions have proven to be of limited benefit with respect to clinical improvements in insulin sensitivity.
To probe further into the role of the inflammatory response in adipose tissue physiology, we took a series of genetic approaches in which we generated mice that retain a high level of anti-inflammatory activity, exclusively at the level of the adipocyte (17) . We have done this in three different ways. We have expressed either a dominant-negative tumor necrosis factor-a (TNFa) ligand that unproductively engages the TNF receptors or we have expressed a potent adenoviral anti-inflammatory molecule called RID. In addition, we have taken advantage of a traditional "super-repressor" of inflammation in the form of a constitutively active inhibitor of NFkB (IkBa) (Fig. 1) . The specific details of each approach are not critical, but in all three cases, we have fat cells expressing potent anti-inflammatory factors. We were very surprised to see that in the process of adipose tissue expansion an inflammatory response is initiated as part of the healthy expansion process. By inhibiting this inflammatory response, we noticed that we impair adipogenesis, thereby reducing the number of fat cells available to accommodate any excess lipids, leading to ectopic lipid deposition in the liver. This also led to a compromised intestinal barrier and the release of more endotoxin into the system. Therefore, despite an early anti-inflammatory action at the level of the adipocyte, chronic systemic inflammation and severe systemic insulin resistance ensue (Fig. 2) .
As a result, we reached the surprising conclusion that a transient, low level of inflammation is beneficial and, in fact, is required for the remodeling of adipose tissue, again highlighting the central role of the extracellular matrix in the process of tissue expansion (17) . There are additional physiological settings, beyond mere expansion, in which the importance of extracellular matrix remodeling of adipose tissue is apparent. Fat cells can assume a number of different specialized functions and can, in fact, be recruited to do so by a number of different interventions. This leads to a surprising complexity in terms of the nature of the different adipocytes in our fat pads (Fig. 3 ). There are classic white adipocytes and brown adipocytes that are specialized in the generation of heat, with high expression of the marker uncoupled protein 1. A third cell type, the "beige adipocyte," is found in white adipose tissue but has the capacity to develop many of the functional characteristics of brown fat under certain conditions, including cold exposure (18) . An active beige adipocyte is a cell that can convert back to a dormant beige adipocyte that resembles a white adipocyte. All of these adipose tissue transitions critically rely on the remodeling of the extracellular matrix.
Let us leave the tissue-autonomous effects behind at this point and take a broader view of the adipocyte and its systemic contributions. I want to highlight three specific areas in which the adipocyte plays a major role in systemic energy homeostasis. These areas include the adipocyte as a source of protein factors, the so-called adipokine, that exerts important effects on systemic metabolism. Here, we will focus on adiponectin, an adipokine that our laboratory has studied extensively over the past 20 years (19) . Some of these factors play a major role in lipid homeostasis, and as such, the adipocyte also serves as an important buffer for critical lipid mediators. We discuss a specific class of lipids, the sphingolipids. A third area that is just beginning to be unraveled at present is the topic of the adipocyte as an important source of critical metabolites. In the context of this review, we will focus specifically on uridine.
Historically, Spiegelman and colleagues (20, 21) started to look at the adipocyte as a source of enzymes and secreted factors. In the late 1980s and early 1990s, they described components of the complement fixation cascade and the inflammatory factor TNFa as adipocyte-derived Figure 2 -The consequences of a suppressed inflammatory response of the adipocyte. The process of adipose tissue expansion requires an inflammatory response as part of the healthy expansion process. By inhibiting these inflammatory events, adipogenesis is impaired, thereby reducing the number of fat cells available to accommodate any excess lipids, leading to ectopic lipid deposition in the liver. This also leads to a compromised intestinal barrier and the enhanced release of endotoxin into the system. Therefore, despite an early anti-inflammatory action at the level of the adipocyte, chronic systemic inflammation and severe systemic insulin resistance ensue in this setting. give rise to the different types of adipocytes, the classic white and brown adipocytes and the beige adipocytes that may transition to a "dormant" cell resembling a white adipocyte when their presence is not required. All these events require extensive remodeling of the extracellular matrix microenvironment of these cells.
products. Our own contributions toward establishing the concept that the adipocyte is a highly active "professional" secretory cell expanded the notion that adipocytes release many factors affecting the extracellular matrix, such as matrix metalloproteases, and also increase the release of proinflammatory factors in the obese state (22) . More importantly, the adipocyte produces a series of factors highly enriched in adipose tissue that are released into the system and that have profound effects on systemic metabolism. These factors include proteins, such as adiponectin, that we first discovered in the early 1990s (23) , around the same time that leptin, another key adipokine, was reported by Jeff Friedman's laboratory (24) . Additional molecules, such as resistin (25, 26) , fibroblast growth factor 21 (FGF21) (27) , and endotrophin (28) , were added to that list of adipocyte-enriched secretory products at later points by us and others (Fig. 4) .
For the past 20 years, work in my laboratory has focused on elucidating the physiological function and the systemic impact of adiponectin, the most adipocyte-specific of all secretory factors described to date. The original data obtained for this gene indicated that both the mRNA and protein for adiponectin are highly enriched in fat tissue and dramatically induced in tissue culture over the course of adipogenic differentiation. Since its original description, adiponectin has been a wonderful source of inspiration to learn much about not only the physiological impact of the protein itself but also the adipose tissue physiology in general. Despite its exclusive expression at the level of the fat cell, adiponectin concentrations in plasma are actually inversely proportional to fat mass, an observation that, at least at first sight, is somewhat counterintuitive and in contrast to essentially every single other adipocyte-derived secretory protein (29, 30) . We have also learned through comparing metabolically healthy and metabolically unhealthy obese individuals that metabolically healthy individuals display higher levels of adiponectin despite identical BMIs (31, 32) . This suggests that adiponectin levels more closely correlate with insulin sensitivity rather than merely reflecting fat mass. As we increase our fat mass under normal conditions, adiponectin levels are decreased. We have genetically manipulated mice, such that they maintain high adiponectin levels similar to lean mice despite gaining weight, reminiscent of what the metabolically healthy obese individual does. We have done this in rodents on several occasions, either through a direct overexpression of adiponectin (33) or through the manipulation of other critical cellular pathways, including interventions at the level of mitochondria (34) . We noticed that the mice dramatically expand their fat mass under these conditions to become the rodent equivalent of an 800-lb human subject. However, despite being the heaviest mice ever reported, they retain full metabolic flexibility, as the subcutaneous fat of these mice effectively absorbs all excess calories, thereby sparing all other tissues from any adverse lipotoxic effects. In fact, the adipose tissue of these mice is a paradigm for healthy adipose tissue expansion. Histologically comparing these metabolically healthy mice to their leaner unhealthy counterparts, we notice that metabolically healthy mice have many more, but smaller, fat cells, with widespread adipocyte hyperplasia. They do not display the conventional elevated levels of inflammatory markers as judged by the reduced number of immune cells infiltrating the tissue. They are better vascularized and show a reduced degree of fibrosis. Healthy fat pads translate into insulin-sensitive livers that have less steatosis, and b-cell function is also spared to maintain fully functional islets (34) .
Positive changes in adiponectin levels are also a reflection of therapeutic improvements in systemic insulin sensitivity. For example, upon exposure to a peroxisome proliferatoractivated receptor g (PPARg) agonist, we reported that the relative increase in adiponectin is proportional to the effectiveness of the drug to improve systemic insulin sensitivity (35) . In fact, in the absence of adiponectin, PPARg agonists reduce their potency to induce improvements in insulin sensitivity (36) . This type of correlation has been seen in dozens of different studies with distinct classes of antidiabetes drugs. We conclude therefore that adiponectin levels are excellent integrators of adipose tissue health and systemic metabolic flexibility (37). Most importantly, changes in adiponectin levels, induced by either weight loss or pharmacological intervention, reflect improvements in systemic insulin sensitivity. As a result, many laboratories have studied the effects of adiponectin on a large number of different target cells and tissues. There is not a tissue in the system that is not directly-or minimally indirectly-affected by the actions of adiponectin (19) . In many instances, improvements at the level of the tissue are not merely correlational to increases in adiponectin levels, but rather they are a direct consequence of it (38) .
In order to analyze the function of adiponectin in different target tissues, we have constructed a series of models that allow us to challenge specific cell types in target tissues with a proapoptotic stimulus. We refer to these mice as the ATTAC mice, for Apoptosis Through Triggered Activation of Caspase-8 (39) . These mice have a transgenic cassette encoding a suicide gene that we can specifically activate in the respective target cell. In this way, we can probe for the ability of the specific cell type to resist cell death as a function of adiponectin concentration. Once we have ablated the target cell population and stopped the apoptotic stimulus, we can also use the same system to test the capacity of the tissue to regenerate as a function of adiponectin concentrations in plasma. We have done this for a number of different tissues, including the heart (40), the pancreatic b-cell (41), the podocyte (a kidney cell critically affected by diabetes) (42) , and for many other tissues. In the cell ablation model for the cardiomyocyte, the so-called "Heart-ATTAC mouse," we activated the suicide gene and monitored the number of animals that survive as a function of time after the initiation of the treatment, and we reported that the higher the adiponectin levels, the higher the survival rate (40) . In order to focus on the pancreatic b-cell, we use the pancreatic islet cell ATTAC mice, a system that we refer to as "PANIC-ATTAC mice." After ablation of the b-cells, we found islets that almost exclusively contain a-cells, as judged by immunohistochemistry with anti-glucagon antibodies, and contain very few remaining insulin-positive cells. In the absence of adiponectin, these b-cells are a lot more susceptible to the proapoptotic stimulus induced by the PANIC-ATTAC transgene. In fact, we can monitor the systemic blood glucose levels and see that the glucose levels are higher, reflecting reduced b-cell viability and an increased loss of b-cell mass in the absence of adiponectin (40). If we look at the regenerating b-cell mass once we uniformly ablate insulin-positive cells in all genotypes to the same extent, we notice that the presence of increased levels of adiponectin in the system significantly improves the ability of the pancreas to regenerate b-cell mass and reach near-euglycemic conditions, an observation with profound implications for both type 1 and type 2 diabetes (43) . Similarly, in the kidney, we can induce widespread elimination of the podocyte in the "POD-ATTAC mouse" and notice that we improve the functional recovery of the kidney dramatically with elevated adiponectin in the system, reflecting the profound impact of adiponectin on improvements in kidney function in the context of chronic kidney disease and diabetic nephropathy (42) .
Adiponectin therefore represents a protein that has potent antiapoptotic functions in a number of different cell types. In addition, it can be proangiogenic (44) , making sure that expanding fat pads get appropriately vascularized. It can be antiatherogenic with important implications for cardiovascular disease (16) . It is a potent anti-inflammatory factor (16) . It can stimulate the generation of new small fat cells, so it is proadipogenic (33) . It can cause potent improvements at the level of hepatic insulin sensitivity (45) , and it exerts positive effects on wound healing. Adiponectin has given us many additional insights over the years. Adiponectin is one of the best biomarkers for existing metabolic disease-low levels of adiponectin reflect high degrees of insulin resistance (46, 47) . It is one of the best prospective biomarkers for future incidence of cardiovascular disease and diabetes (48) . Its genetic dissection has provided us with a lot of valuable research tools. Mutations in the adiponectin gene in humans that lead to reduced adiponectin levels are closely tied to a metabolic syndrome phenotype (46) . At the preclinical level, the adiponectin promoter cassette has allowed us to highly specifically manipulate the mature adipocyte and to generate a number of genetic tools that let us monitor the generation of new fat cells under many different conditions (49, 50) . And importantly, the analysis of the physiological impact of adiponectin has highlighted a number of new therapeutic areas. There is widespread interest in the adiponectin receptor as a drug target (51) . A lot of effort currently goes into the identification of adiponectin receptor agonists that bear promise as therapeutic insulin sensitizers.
These efforts should be further facilitated by the availability of high-resolution structures for the adiponectin receptors that were recently published by Kadowaki and colleagues (52) . Both the Kadowaki group in Tokyo, Japan (53) , and the Matsuzawa group in Osaka, Japan (54), have contributed significantly to our understanding of adiponectin physiology over many years. With the concerted efforts among our three groups and many others in academia and industry, I am confident that there is ample room for the development of a clinically relevant class of adiponectin receptor agonists for the treatment of metabolic disease.
In addition to all of these aspects, adiponectin has also taught us much about the ability of the fat cell to manipulate lipid factors. The connection between adiponectin and lipid metabolism is particularly apparent when we look at the broad category of lipids referred to as ceramides (55) . The ceramide subspecies of sphingolipids have been linked to inflammation, cell death, and insulin resistance. Ceramides can be degraded to generate sphingosine phosphates that have the exact opposite function of ceramides: they signal survival and proliferation. Degrading ceramides is therefore a very important step from a metabolic perspective. The ratio of ceramides versus sphingosines-we refer to it as the Ceramide-S1P Rheostatis a critical determinant of the metabolic health of any given cell type. We were able to show that adiponectin has potent effects on this lipid class. Adiponectin has the ability to decrease ceramide levels in the liver and in many other tissues, thereby improving hepatic insulin sensitivity (40). Low adiponectin reduces the level of sphingosine-1-phosphate within cardiomyocytes and increases the levels of ceramides, thereby reducing the survival of these cardiomyocytes either in response to hypoxia or to a lipotoxic insult (40) .
More importantly, we now know that ceramide levels are frequently elevated in the context of type 2 diabetes in both plasma and tissues (56) . Adiponectin potently lowers these ceramide levels. Several antidiabetes drug treatment regimens that lead to an increase of adiponectin ultimately cause a decrease in circulating ceramide levels. This includes, but is not limited to, the widely studied factor FGF21, which is one of the more recent antidiabetes targets under study. FGF21, through both central action in the brain and direct action on the adipocyte, potently induces adiponectin. It loses a lot of its insulin-sensitizing effects in the absence of adiponectin (57) . Similarly, PPARg agonists, such as the thiazolidinediones, lead to an effective reduction of ceramide levels by mediating an induction of FGF21, which in turn elevates adiponectin (57, 58) . The signaling events induced by adiponectin affecting the ceramide pathway at the cellular level have been worked out in detail. Despite a lot of data implicating ceramides as mediators of insulin resistance, there is still a sound scientific debate ongoing as to whether ceramides are truly directly responsible for reducing insulin sensitivity or whether they are simply an indirect by-product of insulin resistance. Other lipids, such as diacylglycerols, have also been implicated as insulin desensitizers by elegant work in the Shulman laboratory at Yale (59) . In order to address the involvement of the ceramides more directly, we used an enzyme that targets ceramides for degradation, a so-called acid ceramidase (60) . In parallel, we performed the same type of analysis with the adiponectin receptors that we have previously demonstrated to be associated with a potent ceramidase activity, leading to a cascade of downstream signaling events within a cell. We have taken advantage of powerful genetic mouse models that allow us to inducibly overexpress acid ceramidase in the adult mouse liver in the context of high-fat diet exposure and test the hypothesis that an acute lowering of ceramides through the action of acid ceramidase is associated with an improvement in insulin sensitivity (60) . In fact, we can see that upon lowering ceramide species in the liver, we can detect potent improvements in insulin sensitivity, as judged by the glucose infusion rates and the hepatic glucose production rates during euglycemic clamp studies. Surprisingly, the hepatic improvements due to hepatic overexpression of acid ceramidase are also associated with a rapid improvement in insulin sensitivity at the level of the adipocyte, as judged by several different criteria, including an enhanced insulinmediated glucose uptake. Vice versa, we can generate a model in which we induce acid ceramidase in the adipocyte. Under these conditions, we can see an acute improvement in glucose clearance in an oral glucose tolerance test in the context of significantly lower insulin levels, reflecting the improvement in systemic insulin sensitivity. Putting acid ceramidase into the adipocyte, we also noted that the hepatic lipid content is reduced, as judged by the minimal steatosis seen in the transgenic livers, with a concomitant improvement in insulin sensitivity. Therefore, either hepatic-or adipocyte-specific reduction of ceramides leads to rapid improvements in insulin sensitivity in the entire system, highlighting the potent communication axis between the adipocyte and the hepatocyte at the level of sphingolipids (60) . Similar results across both tissues can also be observed upon overexpression of the adiponectin receptors. These observations invoke adiponectin as an effective antilipotoxic agent on the basis of its ability to reduce ceramides, thereby reducing inflammation, improving cell survival, and enhancing insulin sensitivity.
The effects of adiponectin on lipids go beyond ceramides. Adiponectin is one of only a handful of factors that effectively induces "beiging" of white adipose tissue, thereby enhancing b-oxidative capacity of the tissue (37) . Other prominent factors that have the ability to do this in white adipose tissue are vascular endothelial growth factors (15, 61) ; bone morphogenic proteins (62); a set of muscle-derived molecules, such as meteorin-like (63) and irisin (64) ; and the growth factor receptor Her3/ErbB3, a target that we are actively working on currently.
Collectively, because of all these effects on lipid and carbohydrate metabolism, adiponectin is clearly a driving force for maintaining metabolic flexibility. Whether under conditions of feeding or fasting, carbohydrate excess or increased levels of free fatty acids, adiponectin acts in a pivotal manner to help the cell, and in fact the entire system, to adjust appropriately to varied conditions and maintain normal glucose and fatty acid levels (65) .
Having covered adipokines and sphingolipids, I want to now highlight a last important aspect of the adipocytethe secretion of a series of key metabolites that unexpectedly originate in the adipocyte. Specifically, we want to discuss a series of unpublished observations focusing on a metabolite that plays a critical role in the feed/fasting adaptation that we mentioned in the context of metabolic flexibility. This key metabolite is uridine. Uridine is an important building block for a large number of biochemical reactions that include RNA and DNA biosynthesis and the hexosamine pathway. It can even serve under some conditions as a fuel source, particularly for neurons (66) . Uridine biosynthesis takes place predominantly in the liver, at least in the fed state (67) . However, we noticed that in the fasted state, when hepatic uridine biosynthesis is shut down, the adipocyte becomes the major systemic source of uridine. What is the driver of this process, and what are the physiological consequences of this observation? The upstream regulator turns out to be the transcription factor Xbp1s. Traditionally thought of as one of the key mediators of the cellular unfolded protein response in the secretory pathway, it turns out that Xbp1s does many more things than just initiate the unfolded protein response. We, along with a number of colleagues at The University of Texas Southwestern Medical Center, have shown that Xbp1s is a factor critically involved in the adaptation phase between feeding and fasting in a range of different tissues, including in the liver (68) , the heart (69), key neurons in the hypothalamus (70), and adipocyte. Just like with ceramides, Xbp1s activity is highly coordinated between the adipocyte and the liver. After ingestion of a meal, we have a transient rise of Xbp1s in the liver, while we have very low levels of Xbp1s at the level of the adipocyte. In contrast, in the fasted state, we see very low levels of Xbp1s in the liver, whereas we find very high levels of Xbp1s in the adipocytes. The functional implications of this phenomenon are quite profound. In the fed state, Xbp1s tilts the balance between gluconeogenesis and uridine biosynthesis toward uridine biosynthesis, such that the liver produces high levels of uridine and releases uridine into circulation. In the fasting liver, however, low Xbp1s leads to low uridine biosynthesis, enabling the liver to focus on gluconeogenesis. In the fasting adipocyte, there are high levels of Xbp1s, and we found that Xbp1s is a potent inducer of lipolysis. The liberated free fatty acids are not only exported to the liver as a source of energy but also can be oxidized locally in the adipocyte. A key downstream target of Xbp1s is an enzyme called CAD (carbamoyl-phosphate synthetase 2, aspartate transcarbamylase, and dihydroorotase) (67) . CAD is the rate-limiting enzyme for uridine biosynthesis. Xbp1s, when active in the adipocyte, induces CAD, and CAD uses the energy generated by lipolysis and enhanced b-oxidation to synthesize high levels of uridine in the adipocyte. We observed that plasma uridine concentrations are increased in the fasted state. We see the same thing in patients during fasting and after meal ingestion. Individuals who have fasted overnight display high uridine levels; after consuming breakfast, the levels of uridine in the plasma uniformly drop and a meal-induced lowering of uridine in circulation can be observed. At the same time, meal ingestion in these individuals prompts a reduction of the uridine content of the adipocyte, consistent with the suggestion that it is adipose tissue that is responsible for the high levels of uridine in circulation in the fasted state. We measured uridine under a number of different conditions and noticed that the mice that are very obese and metabolically dysfunctional and lack leptin action, such as the db/db mouse or the ob/ob mouse, have very high plasma uridine levels. Under the same conditions, we know that the core body temperature of these mice is significantly lower in the fed state and particularly in the fasted state. Food removal prompts a drop in core body temperature by several degrees. It turns out that when uridine is injected, there is a transient lowering of the core body temperature. Putting these observations together, we suggest that it is the fasting-induced increase in plasma uridine that mediates the well-established fasting-induced reduction in core body temperature. In fact, if we prevent uridine biosynthesis by injecting N-(phosphonacetyl)-L-aspartate acid (PALA) (71) , an inhibitor of CAD, into fasted animals, we notice that these fasted animals no longer reduce their core body temperature to the same extent. We therefore suggest that the adipocyte is a very effective manipulator of core body temperature on the basis of manipulating its ability to synthesize and release uridine into the system. Lowering core body temperature is associated with a reduction in the metabolic rate, which serves to preserve energy in the fasted state.
In the absence of adipose tissue, we observe low plasma uridine levels. As an example, in the lipodystrophic AGPAT2 knockout mouse (72), we see that uridine levels are very low in the fasting state and do not change very much in the feeding/fasting transition. Uridine serves as a master regulator of the systemic fasting response and has many additional effects. For instance, when we perfuse a pancreas with uridine, we observe a significantly increased release of the archetypal fasting hormone glucagon. So it is the adipocyte that is the major source of uridine during fasting, and as such, the adipocyte is the mastermind coordinating the systemic response to the fasting state. Interestingly, adiponectin and leptin are critically affected by feeding and fasting. Xbp1s potently suppresses both of these adipokines. We analyzed rodents in which we overruled feedback mechanisms and permanently activated Xbp1s expression at the level of the adipocyte. We noticed that this leads to an elevation of plasma uridine levels. Over time, this leads to a reduction of individual fat pad sizes and a reduction in overall adipose tissue mass. This is due to the fact that these mice expend a lot of energy in the adipocyte and convert that energy biosynthetically into uridine production and subsequent release. It is important to note that this phenomenon is completely independent of browning or beiging of adipose tissue! Obviously, this phenomenon has profound implications in terms of how we think about potentially targeting weight-loss regimens pharmacologically at the level of the adipocyte. We have manipulated the adipocyte in a number of different ways. For instance, we have genetically reduced the level of b-oxidation in the adipocyte, but we did not achieve a reduction in weight. In fact, we created the fattest mice ever reported under these conditions (34) . If we try the opposite and increase the b-oxidative capacity of white adipocytes, the energy generated by burning lipids in the mitochondria has nowhere to go, thereby leading to an increase in reactive oxygen species as a spin-off of the excessive production of oxidative capacity (34) . A third possibility that many embrace at this point is the generation of heat by uncoupling mitochondria within white adipose tissue, technically turning the white adipocytes into beige adipocytes, enabling these cells to burn more energy and to release this excess energy as heat. That is a very powerful and a very effective way of dissipating excess energy, but we have to be very careful to have feedback mechanisms in place to avoid overheating (73, 74) .
Leveraging Xbp1s action in the adipocyte provides a very interesting and promising fourth option. In this case, the energy created by increased b-oxidation can be diverted into a biosynthetic pathway for a compound that can be used by other components of the system. Specifically, Xbp1s prompts an increase in the lipolytic rate, generating free fatty acids. These free fatty acids can be exported, but Xbp1s can also stimulate their oxidation locally. The energy generated by this increased b-oxidative activity can be funneled into uridine biosynthesis. If we constitutively elevate this process at all times, then we divert excess energy into a neutral biosynthetic pathway whose end products we can safely remove systemically.
From the perspective of maintaining metabolic homeostasis system-wide, it is clear that we need to keep our adipocytes fully functional and that full adipocyte functionality transpires into systemic metabolic flexibility that ensures overall metabolic health. At present, we have only scratched the surface of this fascinating cell type and that the cross talk of adipocytes with other tissues through the actions of adipokines, critical lipid factors, and other metabolites will teach us much more in the future.
When we think about the adipocyte, we have to think even more globally, beyond metabolic function. We suspect that many more disease areas are profoundly affected by these cells. We already appreciate that the adipocyte plays essential roles in the area of infectious diseases. As an example, the adipocyte is the target for several parasites, such as Trypanosoma cruzi, the causative agent of Chagas disease (75) . We also value the critical role that adipose tissue plays in cancer through interactions between adipocytes and invading tumor cells. The infrastructure of the adipocyte can be taken over by an infiltrating tumor mass, particularly in the mammary gland, where tumor cells take advantage of local growth factors, cytokines, extracellular matrix modulators, and adipocyte-derived metabolites (28, 76, 77) . This explains the epidemiological observation that increased BMI is associated with an increased rate of cancer incidence, particularly for postmenopausal breast cancer, endometrial cancer, and a few other cancer types. We are still hard-pressed to mechanistically explain the correlations between increased fat mass, increased tumor incidence, and worse prognosis, but the adipocyte will likely have a key role in this process. I believe we can expect many more surprising discoveries from the adipocyte in the future.
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